Calcite veins are a common product of hydrothermal fluid circulation. Clumped-isotope palaeothermometry is a promising technique for fingerprinting the temperature of hydrothermal fluids, but clumped-isotope systematics can be reset at temperatures of > ca. 100 °C. To model whether the reconstructed temperatures represent calcite precipitation or closed-system resetting, the precipitation age must be known. LA-ICP-MS U-Pb dating of calcite is a recently developed approach to direct dating of calcite and can provide precipitation ages for modelling clumped-isotope systematics in calcite veins. In this study, clumped-isotope and LA-ICP-MS U-Pb calcite analyses were combined in basalt-hosted calcite veins from three settings in Scotland. Samples from all three localities yielded precipitation temperatures of ca. 75-115 °C from clumped-isotope analysis, but veins from only two of the sites were dateable, yielding precipitation ages of 224 ± 8 Ma and 291 ± 33 Ma (2σ). Modelling from the dated samples enabled confident interpretation that no closed-system resetting had occurred in these samples. However, the lack of a precipitation age from the third location meant that a range of possible thermal histories had to be modelled meaning that confidence that resetting had not occurred was lower. This highlights the importance of coupling clumped-isotope thermometry and LA-ICP-MS U-Pb calcite dating in determining the temperature of hydrothermal fluids recorded in calcite veins. This paired approach is shown to be robust in constraining the timing and precipitation temperature of calcite formation, and thus for tracking hydrothermal processes.
Introduction
Calcite veins are a common product of hydrothermal fluid circulation. Investigation of their isotope systematics using recent proxies such as clumped-isotope palaeothermometry (e.g., Eiler 2007) can enable reconstruction of fluid temperature and source. Clumped-isotope thermometry determines the precipitation temperature of carbonate minerals such as calcite (e.g., Eiler 2007 Eiler , 2011 Schauble et al. 2006; Swart 2015) . It utilises the temperature dependence of the formation of the bond between two rare heavy isotopes ( 13 C and 18 O) within the carbonate anion; the abundance of anions with 13 C-18 O bonds is proportional to mineral precipitation temperature (e.g., Eiler 2007; Schauble et al. 2006) . In a solid carbonate mineral, such as calcite, isotope exchange ceases at the time of crystallisation. Therefore, the abundance of mass 47 CO 2 in calcite will 'lock in' the temperature of crystallisation. Clumped-isotope values are expressed using the Δ 47 notation which can be calibrated against Communicated by Jochen Hoefs.
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The online version of this article (https ://doi.org/10.1007/s0041 0-019-1599-x) contains supplementary material, which is available to authorized users. temperature using carbonate precipitated at known temperatures (e.g., Huntington, et al. 2009 ). This thermodynamic derivation of temperature from clumped isotopes gives it significant advantages over the application of traditional δ 18 O palaeothermometry to hydrothermal calcite veins, where the source fluid δ 18 O cannot easily be estimated. Calcite which has resided in the subsurface at high temperatures (ca. > 100 °C) for a long period (ca. > 100 Myr) is susceptible to solid-state bond reordering (Henkes et al. 2014; Passey and Henkes 2012; Shenton et al. 2015; Stolper and Eiler 2015) . Passey and Henkes (2012) and Henkes et al. (2014) heated calcite samples to 350-450 °C under dry conditions which drove the sample Δ 47 values towards the ambient heating temperature as the duration of heating increased, with Δ 47 values re-equilibrating faster in the samples subjected to higher ambient temperatures. Given a sufficiently high temperature and sufficient time, bonds within carbonate isotopologues will re-equilibrate slowly to reach equilibrium with ambient burial temperatures. Passey and Henkes (2012) interpreted a two-stage bond reordering process of an initial phase of defect annealing followed by solid-state diffusion. Stolper and Eiler (2015) proposed different mechanisms: an initial rapid change of ~ 1-40 °C at ambient temperatures of ~ 75-120 °C sustained for ~ 100 Myr due to the diffusion of isotopes through the crystal lattice; after a period of stability, a secondary stage of slow isotope exchange reactions between adjacent carbonate groups at > ~ 150 °C sustained for > ~ 100 Myr which may bring the clumped-isotope temperatures to the ambient temperature.
In igneous-hosted hydrothermal systems, calcite veins may be forming at relatively high temperatures and ambient rock temperatures may be high enough to initiate clumpedisotope bond reordering. Modelling of bond reordering using thermal history reordering models (THRMs) (Shenton et al. 2015) requires some knowledge of the thermal history of the modelled material, including a starting age. Calculations of the evolution of Δ 47 values at time steps throughout this thermal history are made using reaction kinetics determined from experimental work (Henkes et al. 2014; Passey and Henkes 2012; Stolper and Eiler 2015) .
To run THRMS a start time must be known-this is the precipitation age of the calcite. Running THRMS for calcite veins is challenging, as the absolute age of vein precipitation can be difficult to constrain. As veins precipitate after the host rock, dateable minerals in the host rock can only give a maximum age at best. However, recent advances have enabled calcite dating using the U-Pb system via a laser-ablation inductively coupled-plasma mass spectrometry (LA-ICP-MS) setup. This approach allows dating of carbonate materials older than can be dated with U-series or radiocarbon methods. Carbonate minerals such as calcite have been dated by U-Pb using dilution methods (ID-IRMS), although such studies have focussed on carbonates of meteoric origin (e.g., Pickering et al. 2010; Woodhead et al. 2006; Woodhead and Pickering 2012) . This is because these generally have high enough 238 U/ 204 Pb (μ) contents for precise U-Pb dating, compared to carbonates derived from other sources (Rasbury and Cole 2009) . For calcite, where high μ regions occur on a sub-mm scale, such as hydrothermal calcite, a method with high spatial precision such as LA-ICP-MS is critical for targeting these high μ areas, where the average μ across the much larger area that would be required for ID-IRMS dating is not high enough . Li et al. (2014) , Godeau et al. (2018) and Pisapia et al. (2018) have applied LA-ICP-MS U-Pb dating to investigate the timing of diagenetic calcite cements. Roberts and Walker (2016) , Ring and Gerdes (2016) , Goodfellow et al. (2017) , Hansman et al. (2018) , Nuriel et al. (2017) and Parrish et al. (2018) have all dated syn-faulting fracture-filling calcite to constrain the timing of brittle deformation in various settings. Coogan et al. (2016) and Drake et al. (2017) dated hydrothermal veins in the oceanic and continental crust, respectively, to address processes involving the carbon cycle. Burisch et al. (2017 Burisch et al. ( , 2018 and Walter et al. (2018) dated carbonate-bearing veins to assess the origin and timing of ore-forming fluids.
There have been very few studies combining LA-ICP-MS U-Pb dating of calcite with clumped isotopes to date. Methner et al. (2016) combined these two methods to fingerprint Eocene hyperthermals recorded in soil carbonates in the North American continental interior, while Lawson et al. (2017) deciphered basin diagenesis through applying this approach to carbonate cements. Mangenot et al. (2018) combined LA-ICP-MS U-Pb calcite dating with clumped-isotope thermometry on limestones and dolostones and Pagel et al. (2018) on breccias and veins from the Paris Basin. These studies all involved sedimentary carbonates of known age or low-temperature settings.
In potentially higher temperature settings, such as igneoushosted hydrothermal calcite veins, where the absolute age of calcite veins is not known, it is essential to run THRMs to determine whether bond reordering has occurred or whether clumped isotopes are recording the temperature, and source, of the hydrothermal fluid. In this study, we combine clumped-isotope palaeothermometry and LA-ICP-MS calcite U-Pb dating and apply it to hydrothermal calcite veins for the first time. We compare dated and undated veins to highlight the importance of combining both analytical techniques to increase confidence in interpretation of temperatures reconstructed from clumpedisotope analysis of hydrothermal calcite veins.
Page 3 of 15 63 calcite veins were taken from the ca. 335-329 Ma Lower Carboniferous Clyde Plateau Volcanic Formation (Monaghan and Pringle 2004) on the foreshore at Corrie (Fig. 1b, Supplementary Data Table 1 ). The samples are from the reddened upper part of the sequence, which is heavily veined with calcite, and primary silicate minerals are pervasively altered. The lower part of the sequence, however, preserves fresh olivine, clinopyroxene and rarer plagioclase. Later, Palaeogene faults, fractures, and deformation bands are associated with the emplacement of the nearby ca. 60 Ma North Arran Granite (Woodcock and Underhill 1987) . The thermal influence from the emplacement of the North Arran Granite was low (England 1988; Stevenson and Grove 2014) and samples were taken from beyond this. At Corrie, a generally N-S trending set of veins are offset by later generally E-W-trending veins (Fig. 2a) ; sample AR08 (Fig. 2b) belongs to the N-S set of veins, while sample AR09 (Fig. 2c) belongs to the E-W set. The basalt host rock adjacent to the veins is highly altered by fluid circulation in both samples, with quartz, chlorite, and haematite present. Both samples exhibit a mix of calcite morphologies with fibrous veins (Fig. 3a) , cockade-like breccia textured veins (e.g., Cox and Munroe 2016) (Fig. 3b) , and very coarse blocky calcite veins all present (Fig. 3c) .
The sample from Loanhead-JF7A-taken from Loanhead Quarry, Beith, (Fig. 1c , Supplementary Data Table 1 ) is a broadly NW-SE-trending calcite vein and is also hosted in basalt lavas of the Lower Carboniferous Clyde Plateau Volcanic Formation. However, at this locality, the basalts are pervasively altered, showing a complex assemblage of epidote, prehnite, calcite, barite, and a wide range of zeolites (Fig. 2d) (Gribble 1992) . Most of this is assumed to be near contemporaneous with the volcanism. A dyke has locally metamorphosed those early assemblages to give grossular garnet-bearing assemblages in its contact zones. This was avoided during sampling. The calcite veins have a very coarse blocky texture (Fig. 3d) or a fine sparry texture (Fig. 3e) .
The Mull sample (MU04) is from the Mull Plateau Lava Formation, dated at ca. 60.5 Ma (Emeleus and Bell 2005) . The lavas in this area were mapped by Walker (1970) as being in the 'low-temperature carbonate zone', defined by Walker (1970) as representing amygdale filling with calcite and perhaps reflecting a relatively thin lava pile. The sample is from a sub-horizontal vein (Fig. 2e ) of coarse sparry calcite (Fig. 3f) taken from a road cutting just south of Tobermory (Fig. 1d , Supplementary Data Table 1 ). Mafic minerals within the host olivine basalt are heavily altered adjacent to the calcite vein, although plagioclase appears relatively fresh.
Methods
Clumped-isotope measurements were made in the Qatar Stable Isotope Laboratory at Imperial College London. Samples were powdered using a dental drill. 5-7 mg of sample powder was reacted under vacuum with 105% orthophosphoric acid at 90 °C for 10 min. Water generated during the reaction was separated from the produced CO 2 by trapping in liquid nitrogen then swapping the liquid nitrogen for an ethanol-liquid nitrogen mixture held at ~ − 90 °C (Davies and John 2017) . The water remained frozen in the ethanol-liquid nitrogen mixture, while the CO 2 was passed through a Poropak Q chromatography trap held at − 35 °C. The purified CO 2 was measured on a Thermo Fisher MAT 253 isotope ratio mass spectrometers (MS Pinta, Supplementary Data Table 2 ) using dual inlet mode with a measurement time of ~ 2.5 h. Only samples with Δ 48 and δ 48 values that fall within 1 ‰ of the heated gas line (Δ 48 Offset) and had a 49 parameter of < 0.2 were accepted, based on Huntington et al. (2009), John and Bowen (2016) and Davies and John (2017) . Mass spectrometer non-linearity was corrected for using a 30-day moving average of heated gases based on methods described in Huntington et al. (2009) . All Δ 47 values are reported in the carbon dioxide equilibrated scale (Dennis, et al. 2011 ) using a secondary transfer function based on Carrara Marble, ETH-2 & ETH-3 (Bernasconi et al. 2018; Meckler et al. 2014 ) and heated gases. Carrara Marble Δ 47 averaged 0.416 ± 0.038 ‰ (2σ, n = 3), ETH-2 Δ 47 averaged 0.316 ± 0.020 ‰ (2σ, n = 42), and the ETH-3 standard averaged 0.725 ± 0.016 ‰ (2σ, n = 43) during the analytical window. Following correction to the absolute reference frame, the empirical acid fractionation factor of + 0.082 ‰ (Defliese et al. 2015) was added to the Δ 47 value to bring the data into the 25 °C scale used in calibrations. This acid fractionation factor is consistent with internal laboratory tests at Imperial College London. All standard and sample data are given in the Supplementary Data Table 2 . The calibration of Davies and John (2019) , which includes some of the original Kluge et al. (2015) calibration points, modified to account for the 17 O parameters in Brand et al. (2010) , was used to convert Δ 47 into temperature. Temperature data are presented both in the conventional fashion with one standard error and at a 95% confidence level. Source fluid δ
18 O values were calculated using the carbonate-water equilibrium fractionation factor of Kim and O' Neil (1997) 
MU04 JF7A
V e i n m a r g i n s N (a) shows N-S trending vein offset by later E-W trending vein; AR08 belongs to the N-S set and so is slightly older than AR09 which belongs to the E-W set Horstwood et al. (2016) , and conducted using an in-house spreadsheet and the Nu Attolab Time Resolved Acquisition software. Age calculations and plotting were conducted using Isoplot 4.15 (Ludwig 2012) . Duff Brown Tank limestone was analysed during each session as a validation material; a pooled age of 63.0 ± 1.2 Ma (2σ, MSWD = 2.1) was obtained, which is within uncertainty of the published age of 64.04 ± 0.67 Ma (Hill et al. 2016) . Table 3 , Figs. 4a, b, 5) . Clumped-isotope analysis of a fibrous calcite vein from AR08 gave a temperature of 77 ± 7 °C (± 1SE), from which a source fluid δ 18 O value of 8.9 ± 1.0 ‰ was calculated (Table 1, Figs. 4a, b, 6 ). The same vein was dated to 224 ± 8 Ma (Figs. 4a, 7a) . A clumped-isotope temperature of 116 ± 2 °C was obtained from a very coarse blocky calcite vein in sample AR09, from which a source fluid δ 18 O value of 9.8 ± 0.2 ‰ was calculated ( Figs. 4d, 5) . Two clumped-isotope temperatures were derived from this sample-one from the edge of the vein and one from the centre. The vein edge analysis recorded a temperature of 85 ± 8 °C and a source fluid δ 18 O value of − 9.6 ± 1.2 ‰; the vein centre analysis recorded a temperature of 83 ± 2 °C and a source fluid δ 18 O value of − 9.7 ± 0.3 ‰ (Table 1, Figs. 4d, 6 ). The amount of radiogenic Pb in this sample was too low to yield an age.
Results

Discussion
Thermal history reordering models (THRMs)
Calcite which has resided in the subsurface at high temperatures (ca. > 100 °C) for a long period (ca. > 100 Myr) is susceptible to solid-state bond reordering (Henkes et al. 2014; Passey and Henkes 2012; Shenton et al. 2015; Stolper and Eiler 2015) . Passey and Henkes (2012) and Henkes et al. (2014) heated calcite samples to 350-450 °C under dry conditions which drove the sample Δ 47 values towards the ambient heating temperature as the duration of heating increased, with Δ 47 values re-equilibrating faster in the samples subjected to higher ambient temperatures. Given a sufficiently high temperature and sufficient time, bonds within carbonate isotopologues will re-equilibrate slowly to reach equilibrium with ambient burial temperatures. Passey and Henkes (2012) interpreted a two-stage bond reordering process of an initial phase of defect annealing followed by solid-state diffusion. Stolper and Eiler (2015) proposed different mechanisms: an initial rapid change of ~ 1-40 °C at ambient temperatures of ~ 75-120 °C sustained for ~ 100 Myr due to diffusion of isotopes through the crystal lattice; after a period of stability, a secondary stage of slow isotope exchange reactions between adjacent carbonate groups at > ~ 150 °C sustained for > ~ 100 Myr which may bring the clumped-isotope temperatures to the ambient temperature. Given that the calcite U-Pb dating indicates that the samples from Arran and Loanhead are much older than ca. 100 Myr, and clumped-isotope thermometry yields temperatures of ca. 100 °C in some samples, it is necessary to run thermal history reordering models (THRMs, Shenton et al. 2015) to determine whether bond reordering has occurred (Supplementary Data Table 5 ). The THRM approach developed by Shenton et al. (2015) involves modelling temporal evolution in Δ 47 based on kinetic parameters (e.g., activation energy, E a and pre-exponential factor, K o ) derived from Arrhenius regressions of experimental data from Passey and Henkes (2012) . THRMs require knowledge or assumptions about the temperature history of the analysed sample. This temperature history is divided into a series of time steps with a specified ambient temperature (converted back to Δ 47 ) at each time step. The bond reordering reaction [reaction 13 in Passey and Henkes (2012) ] is then used calculate the extent of clumped-isotope reordering during each step. The 'new' Δ 47 value at the end of each time step is treated as the 'initial' Δ 47 value for the next step and the model is run iteratively from the time of initial calcite precipitation to the present day (Shenton et al. 2015) . In addition, calcite of different origin (e.g., brachiopods vs spar calcite vs optical calcite) were found to have different reordering kinetics (activation energy and pre-exponential factor) during laboratory experiments (Henkes et al. 2014; Passey and Henkes 2012 ). In addition to the activation energy and pre-exponential factor, the assumed initial precipitation temperature and age of precipitation are input to run the model. For sedimentary or biogenic calcite, an assumed surface temperature of ca. 25 °C (or a more accurate one based on species in biogenic calcites) is used (Henkes et al. 2013 (Henkes et al. , 2014 . For calcite veins, this is challenging as one cannot assume an initial precipitation temperature. In the THRMs run for the samples from Arran and Loanhead, we assumed that the temperature reconstructed from clumped-isotope analysis was the initial precipitation temperature and forward modelled using an ambient thermal history to determine if bond reordering had occurred. For this approach, it is essential to know the calcite precipitation age so as to know when to forward model the Δ 47 values from. This highlights the importance of undertaking LA-ICP-MS U-Pb calcite dating: calcite veins are often likely to have experienced temperatures > 100 °C and may be > 100 Myr old. As there is a good chance that bond reordering will have occurred, it is important to run THRMs with LA-ICP-MS U-Pb calcite dating, such that clumped-isotope temperatures can be interpreted with confidence.
THRMs were run for the Arran and Loanhead samples using thermal evolution modelling from apatite fission track and apatite helium data from sample Sct-2 of Cogne et al. (2016) , and the calcite precipitation ages derived in this study from LA-ICP-MS calcite U-Pb dating. Kinetic parameters for both optical and spar (labile and refractory) calcite from Passey and Henkes (2012) were used, but the choice of kinetic parameters did not affect the model output. This is because the THRMs for the Arran and Loanhead samples indicate that no bond reordering took place in any of these samples (Fig. 8a, b) . The age from sample AR08 was used for the THRM for AR09; as field relationships indicated AR09 was younger than AR08, the precipitation age of AR08 is a 'worst-case' scenario. In addition, the THRM did not incorporate a thermal effect from the intrusion of the North Arran Granite at ca. 60 Ma, as the samples were taken from beyond the granite's thermal influence (England 1988; Stevenson and Grove 2014) .
Construction of a THRM for Mull sample MU04 is more complex as the amount of radiogenic Pb in this sample was too low to yield an age. In addition, there is uncertainty about the original thickness of the host lava pile and the role of the nearby Mull Central Complex. Walker (1970) interpreted that the Mull Central Complex, dated at 58.48 ± 0.18 Ma (Chambers and Pringle 2001), would not have been responsible for fluid circulation beyond a few kilometres of the central complex (sample MU04 is from ~ 10 km away). Instead, he suggests that the fluids responsible for carbonate amygdale and vein filling may have been influenced by the similar age Ardnamurchan Centre to the north. Assuming relatively rapid erosion of the host basalt, the sample is interpreted to have been at near-surface conditions by ca. 50 Ma. If bond reordering did indeed occur, to result in the measured temperature of 83-85 °C, precipitation from fluid cooler than 85 °C at an ambient host-rock temperature of > 150 °C would be required (Fig. 8c) . This scenario seems unlikely and it is, therefore, interpreted that bond reordering did not occur in these samples.
Having a measured LA-ICP-MS U-Pb calcite precipitation age of the veins from Arran and Loanhead allowed for a single THRM to be run for each, giving confidence to interpretation of the clumped-isotope temperatures. In Mull, where a vein precipitation age was lacking, multiple THRMs were run for different scenarios, and while it was interpreted that bond reordering was unlikely to have occurred, it could not be determined that the clumped-isotope temperature was the vein precipitation temperature. This highlights the importance of running THRMs with LA-ICP-MS U-Pb calcite dating, such that clumped-isotope temperatures can be interpreted with confidence.
Calcite vein formation
Given that the THRMs indicate that no bond reordering occurred in the samples, the clumped-isotope data, together with the calcite dating and field and petrographic analyses, can be integrated to provide insight into hydrothermal fluid conditions in the case-study regions.
Arran
The fibrous calcite vein in sample AR08 precipitated at 224 ± 8 Ma, in the late Triassic. At this time, subsidence and extension in western Scotland led to a relative sea-level rise and a transition from terrestrial to marine sedimentation (Glennie 2002; Warrington and Ivimey-Cook 1992) ; this change in tectonic regime was likely the cause of fracture opening the formation of the veins at Corrie. The coarse blocky calcite vein in sample AR09 could not be dated, but field relationships show that it is cross-cutting the vein from which AR08 was sampled (Fig. 2a) . Given the approximately 90° difference in orientation between the veins in AR08 and AR09, and the difference in crystal shape between the two veins, suggests that there may have been a significant time gap between their respective formation. Furthermore, the increase in temperature from 77 ± 7 °C to 116 ± 2 °C between the two samples indicates a period of time for heating of the fluid. However, the fact that the calculated source fluid δ
18 O values of the two samples are within uncertainty of each other indicates a common fluid source. The thermal evolution determined by Cogne et al. (2016) for this area shows that burial temperatures did not exceed ~ 80 °C for rocks now at the surface, and therefore, the clumped-isotope temperatures cannot reflect an ambient burial temperature. The isotopically heavy fluid δ 18 O values of ca. 9-10 ‰ could suggest a juvenile magmatic fluid source, although such fluids tend, if present at all, to make up a small proportion of geothermal fluids (Craig et al. 1963; Sharp 2007) . Volcanic activity, in the form of the Clyde Plateau Lava Formation, was occurring at the time of the host-rock formation, but there is no documented volcanic or magmatic activity at ca. 224 Ma, the age of calcite precipitation (Glennie 2002). Without being able to measure the source water δD though, the presence of juvenile magmatic water cannot be conclusively discounted. A combination of magmatic and meteoric fluid sources has been documented in active geothermal systems and could be a possibility for Arran. Using clumped isotopes Lu et al. (2017) documented source fluid δ
18 O values of up to ca. 10 ‰ in the Chingshui Geothermal Field of Taiwan and suggested a mixed meteoric-magmatic fluid, with a shallow meteoric reservoir and a deep magmatic reservoir. The ca. 9-10 ‰ calculated from the Arran samples falls within the typical range of 'metamorphic' waters (e.g., Rollinson 1993; Sharp 2007 )-fluids buffered by metamorphic rocks-which are present (Dalradian pelites and psammites) at the surface several kilometres to the north of the Corrie sample site (British-Geological-Survey 1987) and likely underlie the host Carboniferous basalts at some depth. However, the amount of available water present in metamorphic rocks (along grain boundaries or in fluid inclusions) is very small to be of consequence as a fluid reservoir (e.g., Sharp 2007) . Another possible source of the isotopically enriched source fluid for the Arran calcite veins could be highly evaporated seawater. Knauth and Beeunas (1986) modelled that a seawater evaporated 10 × would attain a δ 18 O value of ca. 10 ‰. Marine transgression extended northwestwards over much of Scotland in the late Triassic (when the vein precipitated), suggesting that an evaporated seawater source is a possibility (Glennie 2002) .
Perhaps, the most likely explanation for the enriched fluid δ 18 O values of ca. 9-10 ‰ is calcite precipitation in a low water-rock ratio environment from fluid which has undergone considerable water rock interaction. A purely meteoric fluid source would need to undergo a strong degree of water-rock interaction to achieve the isotopically heavy fluids calculated from the clumped-isotope analysis. Meteoric waters which have percolated down through the sedimentary and metamorphic rocks around the sample site would have been heated, circulated through, and reacted with these rocks, resulting in an elevated δ 18 O value relative to surface meteoric water values (e.g., Rollinson 1993; Sharp 2007) . Evidence for water-rock interaction can clearly be seen in the alteration of the host basalt around the veins to an assemblage including hydrous minerals such as chlorite (Fig. 6) .
It is possible that the calcite veins in their current form do not represent the primary fracture-filling precipitation but instead represent a later open-system recrystallisation via dissolution-reprecipitation. Such recrystallisation would reset the U-Pb age and clumped-isotope systematics (e.g., Eiler 2007) . In this scenario, the temperature at 224 ± 8 Ma was 77 ± 7 °C in sample AR08 when recrystallisation of an earlier generation of fracture-filling calcite occurred. In this scenario, the fluid δ 18 O value would be buffered by the dissolution of the earlier calcite, perhaps resulting in the enriched values of ca. 9-10 ‰ reconstructed from the Arran samples. It should be noted, however, that the calcite in sample AR08 has a fibrous texture and so is likely to represent primary precipitation during opening of a highly restricted fracture aperture (e.g., Barker et al. 2006; Oliver and Bons 2001) . The later sample AR09 has a blocky texture, perhaps representing an open fracture through which flow could occur, yields a higher temperature than the fibrous vein. This is more likely to represent a fluid which was warmer than the ambient rock temperature. While it is difficult to be certain without further analysis, it is, therefore, interpreted that the Arran veins represent primary precipitation but from a fluid which has undergone significant water-rock interaction with relatively restricted flow.
Loanhead
The Variscan Orogeny gave rise to E-W extension in Northern Europe in the early Permian (Glennie 2002; Monaghan and Parrish 2006) , and rift-related alkaline mafic intrusions, lavas, and breccias are widely developed in Ayrshire. One of these-the Carskeoch intrusion-has been dated via hornblende Ar-Ar at 295 ± 1.3 Ma (Monaghan and Pringle 2004 ). An early Permian precipitation age of 291 ± 33 Ma was recorded from the centre of the largest coarse blocky calcite vein in sample JF7A, with a temperature of 76 ± 9 °C also from the centre of the vein. Calcite δ 18 O values were relatively homogeneous across this and the other veins in this sample, but δ 13 C values varied widely. The most depleted δ 13 C values were from the centre of the vein, where the age and temperature were derived from; the edges of the large vein, and the smaller coarse blocky calcite vein from the same sample, recorded less depleted δ 13 C values. The precipitation temperature of the smaller coarse blocky calcite vein was significantly higher than the centre of the large one: 112 ± 17 °C. Petrographically, the two veins are similar and there is no clear petrographic difference within the larger vein, despite the variation in δ 13 C values. Early Permian volcanic and magmatic activity is recorded in this area within error of the 291 ± 33 Ma age recorded from sample JF7A, and therefore, an isotopically depleted volcanic methane source is a possible for these depleted δ 13 C values (e.g., Sharp 2007) . However, at the time of calcite precipitation, there may have been a significant cover thickness of Carboniferous sedimentary rocks, including extensive coal-bearing sequences of the Scottish Coal Measures Group (Read et al. 2002) . The isotopically depleted δ 13 C values in sample JF7A could, therefore, also be explained by precipitation from groundwater with significant dissolved coal-derived methane (e.g., Des Marais 2001; Sharp 2007 O values of ca. − 10 ‰ for the Mull samples. However, there is no record of glaciation in the Palaeogene in Scotland and the active volcanism along the west of Scotland at this time would render this scenario unlikely (Murray 1992) . A meteoric (precipitation) water source is deemed most likely for this sample. In the Palaeogene, Scotland was at a similar latitude to today, and therefore, precipitation δ
18 O values would be expected to be similar to today's based on the latitude effect in δ 18 O (e.g., Sharp 2007) . Soulsby et al. (2000) measured average precipitation δ
18
O values of ca. − 7.7 ‰ in the present-day Cairngorms (a similar latitude to Mull), although there was extreme seasonal variation, as would be expected from ca. − 2 ‰ in the summer to ca. − 20 ‰ in the winter. In stream waters in the catchment analysed, δ
O values clustered around − 8 to − 10 ‰ (Soulsby, et al., 2000) . This is within the range of the calculated source fluid δ
O values from the Mull calcite vein sample. However, there is clear petrographic evidence of water-rock interaction the sample [presence of saponite replacing pyroxene/olivine (Fig. 6) ] which would result in an isotopic enrichment; the initial precipitation would need to be isotopically lighter than the calculated − 10 ‰ values from the sample. This could be due to the presence of winter-only precipitation percolating down through the rocks to form the veins, although the hydrothermal system would be expected to be active over much longer timescales (e.g., Cathles et al. 1997; Chiaradia et al. 2013; Früh-Green et al. 2003; Henry et al. 1997) . A high altitude setting is a more likely cause of a highly isotopically depleted precipitation which was the ultimate fluid source for the vein, as the isotopic composition of water becomes lighter at altitude due to cooler temperatures (e.g., Field 2010; Sharp 2007) . The Mull Plateau Lava Formation is interpreted to be ca. 2 km thick (Walker 1970; Williamson and Bell 1994) and this may have given rise to a high altitude landscape on which isotopically depleted precipitation fell. This meteoric water would have percolated down through the lava pile, undergoing some limited water-rock interaction resulting in an isotopic enrichment from its value on precipitation, to the calculated ca. − 10 ‰ value calculated from the calcite vein.
Conclusions
Precipitation temperatures reconstructed from clumpedisotope analysis undergo closed-system bond reordering at temperatures of > ca. 100 °C. This paper showed that LA-ICP-MS U-Pb dating of hydrothermal calcite veins enables more robust interpretation of thermal history reordering models using samples from Arran and Loanhead in Scotland. In the Isle of Mull sample, where a U-Pb date could not be obtained, bond reordering models had to be run for a range of thermal histories, as the calcite precipitation age was not known. This meant that bond reordering could not be eliminated as conclusively as in the Arran and Loanhead samples, where a precipitation age from the LA-ICP-MS U-Pb dating led to more certainty in the thermal history reordering models. This highlights the importance of coupling clumped-isotope thermometry and LA-ICP-MS U-Pb calcite dating in determining the temperature of hydrothermal fluids recorded in calcite veins. This paired approach is shown to be a robust approach to constrain the timing and precipitation temperature of calcite formation, and thus for tracking hydrothermal processes.
